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Elliptic Flow (V.,)

Azimuthal anisotropy of produced particles is a powerful probe for investigating the characteristic of the QGP. l

At non central collision Reaction plane ()
(Small mean free paﬁ
*Thermalization P
*Pressure gradient -
: ' \\\/Elliptic flow _
Geometrical anisotropy | > Momentum anisotropy

Momentum anisotropy reflects the hot dense matter
Fourier expansion of the distribution of produced particle angle (@) to reaction plane (W)

N(¢) = N,{1+2v, cos(p— W) + 2v, cos| 2(p— W)| +..}
v = <cos[n(q0— l-I-’)]>

V, is the coefficient of the second term — indicates ellipticity

Thermalization should be occurred very early before the geometrical eccentricity is gone.
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Time Evolution l

The matter produced in the high energy heavy ion collision is expected to undergo several

stages from the initial hard scattering to the final hadron emission.
t Kinematical freeze-out

s adron gas
\ 7‘ '// Chemical freeze-out

S @ Mixed phase Hadronization
“ Expansion & Cooling

Thermalization

QGP.

1,< 1 fmic pre-equilibrium

~ Hard scatterings

S %, z
% 2 Collision

When the matter is thermalized, we expect
Hydro-dynamical behavior at quark level .

Need a comprehensive understanding from

thermalization through hadronization to freeze-out.

*Note whenever the matter interacts each other, v, could change.
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v, at RHIC

v
I’H ENIX PRL 91, 182301
:N : Run2Au +Au atﬁ 200 GeV, Mlnlmum Blalas In| < 035 - V2 at IOW pT (<~2 GeV/C) can be
L o[ awer 1 explained by a hydro-dynamical
E [ Wxax 1 model assuming:
8 gl TR 1 >Early thermalization(~0.6 fm/c)
=0 1 Mass Ordering: v2(n)>v2(K)>v2(p)
% - —naox 1 D Existence of radial flow.
0 01 — hydro K ]
2 L -
~ — hydro p . . .
oL 1 oo @i I (open -
6 ! 1 ! 2| ! ! ! 4|' ! 1 : -:;::SES 0.65 (closead)
0.15 | Ca e e 0 @D -
Transverse momentum p; (GeV/c) Centrality =13 - 26 (%)
~ 50% increase from SPS to RHIC. %[ o .
I
Above 62.4 GeV, v, seems to be 0.05 |- ° ® -
saturated. ] O OSSR — _.
- The matter reaches thermal O
equilibrium state at RHIC. 1 10 100
PRL 94, 232302 JS o (GeV)
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Comparison with ALICE

>N E ' ¥ I vz{l2} llllll I I I ;
03 ] v v —
0.25 CLI) v, 4) STAR) ¥ =
= o v, EP) (PHENIX) ¥ i *o -
0.2 ;— : _;
0.15 ﬁ’ = ALICE ---
0.1 i— * - Pb+Pb, \/SNN =2.76 TeV
0.05 — centrality 40-50 % =
5 1 (nucl-ex 0147314)
§ C Io .10-.20%.(AIiICl;) ] I ' 3
s 0.25 F| m 20-30% (ALICE) 3
-| 4 3040% (ALICE) 3
§- oo { |  PHENIX and STAR ---
0.2 ] 20-30% (STAR) —]
C | 30-40% = =
o5k 30-40% (STAR) AU"‘AU, '\/SNN 200
01 F- GeV
a e
o A 30-40% (PHENIX) V’){EP}
0_ . 1. —— 2. P :; e ‘i " PHENIX : Phys. Rev. C 80, 024909 (2009)
P, (GeV/c) STAR : Phys. Rev. C 77, 054901 (2008)

e Mostly consistent, especially at low p,

March, 7, 2011 Maya SHIMOMURA 6




For a comprehensive understating of the matter and the mechanism of v2 production...

Scaling of v,

*Energy dependence
*Eccentricity scaling
N, Scaling

«Quark number + KE; scaling
*Universal scaling




Words

N, --- Number of nucleons participating the collision

Eccentricity (€) --- geometrical eccentricity of participant nucleons
- Monte-Carlo simulation with Glauber model , )
- Nucleus formed by wood-Saxon shape _ <y ><X >

|

. - - W : &=
- Participant eccentricity which is calculated with long and short < y2> +< X2>
axis determined by distribution of participants at each collision

(including participant fluctuations.) €VS. N
o1
3 R o system
Participant Eccentricity 2o T AuAu 2006V
& HSJUB o AuAu_62GeV
Nucleus 1 0.7 e CuCu_200GeV
0.6 : s CuCu_62GeV
Y u PbPb_2.76TeV
0.5F & ..
. : -'.. g l, - ® ‘I
b NN\ Nucleus 2 “E s,
T = z .. .I - 0-3 ‘
k ™ |
0.2 ° » .
Participant 04 ..
Region 050400450500 350 300350

part

Slightly different at small Npart between Au+Au and Pb+Pb.
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Energy dependence
2.76 TeV, 200 GeV, 62.4 GeV |

Centrality dependence Identified particles |[[Eumn—"

~0.4 ——
> U ?
T m Integrated p, range PHENIX PRELIMINARY PH Ele V2 VS. pT for Tl-/K/p effECt 4
£0.35F * 2.0-4.0GeVic closed black:200GeV
5 [ " 1020GevVic losed red: 62.4GeV o M T B R a e AR mme i
@& FE * 0.241.0GeVic closedred: bedbe =1 !
c 0.3 L 2030 %
B = opened black : 2.76 TeV P owent K+K* ptp
0.25— ®ecey -
oak ; 4 e b
E e s 02} é M 4 ez P R ﬁ L]
0.15— 7 ) i 71 [ » . -
- e @ v | '.'. i .Q. + :l
0.1 :— ..... @ n.1-— 4 ok ,.' 4 e -*
0.05 = o & ® [ ‘)
: . n-||||||||||||||||| n|‘||||||||||||||| i |
o_ PRI R T ST T N N ST WY S TN NN TN TN T TN N N SN N A NN T S T o 1 2 3 4 o 1 H 3 2 3 4
0 10 20 30 40 50 60 PHENIX PRELIMINARY p, [GeVic]

Centrality [%]

No significant difference above 62.4 GeV at RHIC.

RHIC and LHC are same especially at low p;.

Need to measure PID v, at 2.76 TeV to see the radial flow effect.
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Energy dependence
200, 62.4, 39, 7.7 GeV

S. Huang, A. Taranenko, R. Lacey (WWND2011)

V,vs p,, AutAu \S,, =39 - 200 GeV,10-20 % |

T
PHENIX Preliminary

"ELELE
s ¢ ]

0.25 — T T T T
L O \/sy, =200 GeV
- [ & \[s,, =624 GeV
> 02 » \Syy =39 GeV
0.15
01 "
r -
C -
0.05 -
.
0 C ;
1

2 3
P; (GeV/c)

V,vs (I Au+Au \[s =39 -200 GeV , 30-40 %

03— : —
- D \Syy =200 GeV PHENIX Preliminary
- 4 \[Sy=62.4 GeV
> I ® \/sy, =39 GeV
. f
L "L N
0.2 I s ¥
I N
i 5
0.1 § -
I 8
S
0 i L | I I L L
1 2 3
P; (GeVic)

| V,Vs p_, AutAu \js, = 39 - 200 GeV , 20-30 %

0.3

0.2

0.1

& \[s,, =624 GeV
® \Js =39 GeV

— T — T
O \syy =200 GeV

T T T T
PHENIX Preliminary

2 3
P; (GeVic)

V,vs P, Au+Au \Js,, =39 - 200 GeV , 40-50 %

0.3

0.2

0.1

T T T T T T
O \syy =200 GeV
& \Js,, =624 GeV
I @ \[s,, =39 GeV

T T T T T T
PHENIX Preliminary

%
g 8 "8 85

2 3
P; (GeV/c)

No energy dependence from 39 GeV to 200 GeV for different collision centralities.
Maya SHIMOMURA
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Energy dependence
200, 62.4, 39, 7.7 GeV

S. Huang, A. Taranenko, R. Lacey (WWND2011)

Prehmmary STAR PHENIX and E895 data

a

B » STARG? GaWc

0_25‘_ Au+ Au 10-40% - W STAR, 1.7 GeVic
B O 200GeV o 02 | O PHENIX, 0.7 GeVic N
C > Y21 O PHENIX, 17 GeVic g n
- L 7.7GeV A EB9S

0.2 -
- o|l©@ @ © 0

0.15[— Oz}o ’

(3]

— O [ _
B 5 T 01 g ®
B o] . »

01— ©
B o A
B © 4

0.05 g A 0 G A B
B PHENIX Preliminary
- 1 10 102

111 | L 11 1 | 1111 | L 11 1 | 11 1 | 1L 111 | L 11 1 | 111 1

% o5 1 15 2 25 3 35 4 \Syy (GeV)

pT(GeWc}

The v, at 7.7 GeV Au+Au is much lower than v, of 39 - 200 GeV.

Partonic flow --> Hadronic flow : between 39 and 7.7 GeV ?

- Need more study for this region.
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Eccentricity scaling
Pb+Pb, Au+Au, Cu+Cu

Compare v, normalized by eccentricity (€) in collisions of different size.

0.1
ook P, = 0.2:1.0 [GeVic] 0.2<p,<1.0 [GeVIc] 0.4
F = p.=0.2-1.0[GeV/c]
o0sf q 0.35 !
u.w;— : #. #
u_us;‘ u *. ® AuAu 200GeV 0.3
D.USE—
oosf # # L ® AuAu624Gev | 025 »" ¢
“-“3;' # . 0.2 ’. *.
0.02F #® CuCu 200GeV
“-“12‘ phenix preliminary .15
cu""" ® CuCu 62.4GeV
50 100 150 200 250 300 p:i-:l:l 0.1 phenix pre"minary
0.4 : B Pb+Pb 2.76TeV | ;.5
PHQBOS
03— fracks B O =50""F00 750 300 250 300 350
/".:‘._. part
£ o021 e sl j -
> goe : Eccentricity scaling suggests
0.17?‘? . - -
PHOBOS Collaboration early thermalization.
. . PRL 98, 242302
0 80 160 240 320 400 -
N There is a strong N, dependence.
Part

March, 7, 2011
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® AuvAu 200GeV

N S C al | N g ® AuAu 62.4GeV

part ® CuCu 200GeV I
=Ty [= 1/3 #® CuCu 62.4GeV
The dependence can be normalized by N, **. D“"dmg by Npart
B Pb+Pb 2.76TeV
v,le/N__*2vs. N
V,Vs. N V,le vs. N, 0ol 2 part part
04 E p,=0.2-1 0[GeV/c]
T:g p, =0.2-1.0 [GeVic] h:“ . p,=0.2-1.0[GeV/c] 0.07 :_
u:n-n D.ﬂEE—
o7 : *' *. u.usf—
0.06 *. *. b n * q C
0.05 0.04f ) - 1 P
oo H °. H" 10 0N e S
0.03] # 0.03 .-
o
::}: _ . 0.02
."u phenix preliminary phenix preliminary i L
N0 T me Np:tsn u'D 50 100 150 200 250 Efllll:lr'l 350 uﬂ1_ phenlx prellmlnary
0.2<p,<1.0 [GeVic] S %50 oo 00 250 '...'p'j‘;f"’
v,leccentricity/N ,'* scaling works for all collision

systems except small N, at 62 GeV.
- This exception may indicate non-sufficient thermalization region.
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Quark number + KE, scaling (auau 200 Gev)

"

PH ENIX PRL. 98, 162301 (2007)

KE; = (m;-m)/n_

|

T T LI L L L I N [T N L
0.3 # '+ (PHENIX) K (STAR) 1 A+R (STAR) i
| B K'+K (PHENIX) <5 p+p (PHENIX) [1=+Z (STAR) o
0.2 L @?ﬁ%ﬂ 4) . |
| _ | o
}N i “-E
B 1 ‘-H'J r - ] N
! 1 iy _l0.05>
0.1 L i 7
B - .l'!-:rl - T
u | 1 1 I : L | | 1111 | 1 111 | 1 111 | | 111 | L1 11 | L 111 | L1 11 u
0 a0 1 2 3 40 05 1 15 2
p; (GeVic) KE, (GeV/c) KE,/n, (GeV/c)
Vy(Py) /My VS KE/n ., becomes one curve independent of particle species.

Quark number scaling is consistent to the recombination model which assumes the
quark level flow at QGP phase.
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Quark number scaling everywhere

AuAu 62.4GeV

0.5, _— 83
045 PHEN B PHENIX PRELIMINARY
0= TPC
. 0.2 0251
0.4 AutAu, I<0.35, {5, =624 Gev  * T AutAu, /<035, f§ = 624 Gev ¢ TTOF AutAu, ni<0.35, {5,,= 62.4 Gev
oK 0 KTPC
0.35F )
vy Vs p F K 0.2 valn,vs.pn, ¢ KTOF 0.2 vzl vs. (m -mq)in
03 # Ks °
o p*
0.2s5f 0.5 o antip 045
0.2 A
04 0af
ng %DDD{) s #L;D#DDK%D
0.05] 005 +
o [ W I E R RS R
] 05 15 2 25 05 15 2 2.5
by Govic] b/, [GeVIc] (mmqhin, [GeVIc]
0-10% l_‘ 10-20 % 20-30 %
- T T T s T T T = T T T
£ £ £
o o o
> > >
01 01 B 01 B
vying vs. KEn,
0.05 * i 0.05 *I‘ 0.05 ‘* i
wh
/f + y &
@&
¢ f
Il Il Il Il Il Il Il Il Il
A 05 1 15 2 A 05 1 15 2 A 05 1 15 2
KEq/n, [GeV/c] KEq/n, [GeV/c] KEq/n, [GeV/c]
30-40 % 40-50 %
5.’ T T T 5.’ T T T Cu+Cu, [nl<0.35, {5 = 200GeV
™ ™
> >
(XS B

”NM |
&

»

I

. PHENIX/STAR

|
f #.,m |

e T

K

- P

Au+Au 200 GeV (Run?)

V,7n, vs KE In, , Centrality: 05 %
05,

V,/n, vs KE/n, , Contrality: 510 %

V. 1n, vs KE/In, , Centrality: 10-15 %

=

x e
= e+ S —=— o+ K —=—
0.04] K+ K E o0l 5 K+ K
—&— p+P o.06 —A— p+P 08 —&— p+p
0.03] a oos|- .08 [
E oWy L] F moEgNoEC =
g .,g-!“l”'@'ﬂ' LI s a o o= E "J“r
o2l ' i M“"F oodf- e
oosE- F
y E ooal
PHENIX Prellmlnary oot F
Ly G s -y ) e B Sy
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- -
=UF [ Soaaf JE
o1 02f- KT+ K
E A p+pP e A& p+P
o0.08 moEO="o "o " m o4l
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F o0sf—
oorl- 3
E o002
™7 S o T A B P o LT B e
[[Vz/n, vs KEn, , Centrality: 30-35 % V,/n, vs KEJn, , Centrality: 35-40 % [ Vain, vs KEJn, , Centraiity: 40-45 %
= 5
So.14 - e =1°F - N < °F
Soaaf - s e B [ ——
b o e sk A
E A p+P 04z —A—p+P o1z A p+P
01— E E
[ E . E
eaf e L= lal=la] ot FELEREL LI 01F LR Lt
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008 P E E At
E 0.06— 006l
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ooz E E
- ooz oozl
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KEWh, (Gev) KEYA, (Gov) = 5 56 o8 T kA, et

0.08
0.06
= 0-04
0.02
0.00

v, (Au+Au 20

(@»)
)
™D
S

QMO09, A. Taranenko

o

F + 20-60% 1
L 1 1k 1 012
i s T oK 3 1 ° Mewne”
L T app ] 1k 4 0.10
: o TR
i - T a 1r % - 0.08
- = 4+ u . ?
- -4 0.06

i u §§ T = E i 1 x10
i T ] fi ]
- T+ 2 1F 4 o0.04
i 5 T 1
L & 1 1k § -4 0.02
L 18 i Preliminary | éﬁ 1 ©.00

1 2 3 o 1 2 3 0.0 0.5 1.0 1.5

Py (GeV/c) KE, (GeV) (KE;)/n, (GeV)

_Qtidrk nuriiber scaling work out up to K., ~1GeV.
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Quark number scaling everywhere I

Au+Au 200GeV (Run?) Yoshimasa IKEDA (spring JPS 2010)

£.14
- L
S [k
> = proton vy/n, vs. KE;/n,
Y 20 - 60 %
0.1 A o
| —=— Deuteron vy ¥ Y i
0.08 ek TR W l !
o6~ + l I
: ,.. i l
0.04- ._‘II
C »
[ = PHENIX PRELIMINARY
0.02(—&
-8
Ly
1 1 L 1 I 1 1 L 1 I 1 1 L L I L 1 1 1 I L L 1 L I 1 L L 1
% 0.5 1 1.5 2

2.5 3
KE/n,[GeV]

¢, N\ and deuteron also follow the scaling.
Significant part of elliptic flow at RHIC develops at quark level. > QGP phase

New detector and high statistics enable us to see the
breaking point at K_. ~1GeV.
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Universal v, for identified charged hadrons I

Taking all scaling together, @ Different Energy and System
(AuAu200, CuCu200, AuAu62)
0% | mscoveows @ | ¢ Different Centrality (0-50%)
T ool gy ] ® Different particles (17 K /p)
*U-?- Cu+Cu :small A p"'l_]
= | = o10% 4 ; 45 curves
> +

1 e 10-20 %
- ; _ 20-30 % V2 (KET / nq )

0.05 I:i."'::. T
| ! ’I::i I ® ) ® 30-40 % 1 / 3
L :.',:" E!E + T ® 40-50 % nq x g x Npart
0 [N I T T AN O O N B B Q
0 0.5 1 1.5 2
Ker/n, [GeVic] Scale to one curve.

X2/ndf = 2.1 (with systematic errors)
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Summary

= Systematic study of v, have been done in Au+Au/Cu+Cu at Vs, =
62.4/200 GeV and compared with Pb+Pb at Vs, = 2.76 TeV.

= V, values are saturated above 62.4 GeV in Au+Au and Pb+Pb.

— Local thermalization
= V,(p;) follows quark number + KE; scaling in Au+Au (200,62GeV) and
Cu+Cu (200GeV) .
— Flow at quark level > QGP phase
= V,(N_,.) / €are same between Au+Au, Pb+Pb, Cu+Cu at 200 GeV ~2.76
TeV.
— Eccentricity scaling - Early thermalization
= V,(p;) /€/N_,*/° scaling works except for small N .. at 62 GeV.

— Existence of a universal v, scaling at RHIC and Continue to LHC.

— EXception may indicate non-sufficient thermalization region from
7.7GeV to 39 GeV.

March, 7, 2011 Maya SHIMOMURA 18




Scaling on other p, regions

0.1 502 0.4 07
0.08 p, = 0.21.0 [GeVic] 018 p, = 1.0-2.0 [GeVic] : o5 p,=0.2-1.0[GeV/c] = p,=1.0-2.0[GeVic]
: 0.8|
0.08 0.16 + |
4 " bu
0.07 " # 0.14 0.5 ]
n % )
0.06 * * 0.12 u 0.25 ] ’ .
[ »" ¢ 04
0.05] 0.1 * 0.2 F
‘ u 0.3|
0.04 # | | 0.08 0.15! '
0.03] # 0.06] 0.2]
1

o o 0.1
0.02 0.04
0.01 0.02) 0.05 0.1
o 1 1 1 1 1 1 o 1 1 1 1 1 1 0 1 1 1 1 1 o 1 1 1 1 1 1
0 50 100 150 200 250 300 y 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 y 350 0 50 100 150 200 250 300 350
part part Ppart part
;D.:: = 2.0-4.0 [GeVic] “:“ I p_=2.0-4.0[GeV/c]
: P, = 2.0-4. e AuAu 200GeV 0.9 LA ® AuAu 200GeV
u.zs:— 08 "
o +- 'S t ® AuAu 62.4GeV 07 . 3" # # ® AuAu 62.4GeV
o 0.5
e u 3 8 CuCu 200GeV os + ® CuCu 200GeV
L | ]
o ¢ # ® CuCu 624GeV > @ CuCu624Gev
i 0.3
Ws:_ o B Pb+Pb 2.76TeV 0.2 B Pb+Pb 2.76TeV
’ - 0.1
oL ] 1 1 1 ] ] '] L L 1 1 L L
TR TR T R T TR 0 50 100 150 200 250 300 y 350
N part

‘part
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Scaling on other p, regions

0.08

p,=0.2-1.0[GeVic] 0.14 p,=1.0-2.0[GeVic]
0.07
0.12
0.06
0.05 o1 n - -
0.04 X - I*----# ------------- 0.08| mmmnnd '...:::::i::::::::::
Tz e SEEE X EEEER i oprees

0.03 P T... 0.08
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0.01 0.02

............................................................

o 50 100 150 200 250 300 o S0 100 150 200 250 300

0.
p.=2.0-4.0[GeV/c]
0.18 T ® AuAu 200GeV
0.16
0.14 ® AuAu 62.4GeV
o2F l-tap-B-ll S0 L]
o p T 'l'#' """"" ® CuCu 200GeV

0.08 ® CuCu 62.4GeV
0.06
0.04 H Pb+Pb 2.76TeV
0.02

..............................

o 50 100 150 200 250 300
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